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a  b  s  t  r  a  c  t
In  this  work,  high  performance  spinel  MnCo2O4 electrode  was  fabricated  via  a facile  sol–gel  method
and  its  capacitive  behavior  was successfully  investigated  in  alkaline  electrolyte.  MnCo2O4 electrode
was  characterized  by means  of powder  X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),
and transmission  electron  microscope  (TEM).  The  pseudo  capacitive  behavior  of spinel  MnCo2O4 was
widely  investigated  in 2 M KOH  aqueous  electrolyte  using  cyclic  voltammetry  (CV),  galvanostatic  charge-
discharge  test,  and  electrochemical  impedance  spectroscopy  (EIS).  As  a result,  the  spinel  MnCo2O4
exhibited  excellent  porous  structure  and  the  highest  speciﬁc  capacitance  of 405 F  g−1 was  achieved  at
a current  density  of  5  mA  cm−2. In addition,  the spinel  MnCo2O4 displayed  desirable  stability  in  alkaline
electrolyte  during  long-term  cycles  with  a  cycling  efﬁciency  of  95.1%  over  1,000  cycles.  The  high  speciﬁc
capacitance  and  excellent  cycling  ability  of  MnCo2O4 show  promise  for  its application  in  supercapacitors.
© 2013 Published by Elsevier Ltd.
1. Introduction22
High-performance electrical energy storage technologies are23
urgently needed in today’s mobile, information-rich and energy-24
conscious society. Herein, electrochemical supercapacitors are25
receiving considerable attention as charge-storage devices [1].26
Generally, faradic pseudo capacitors based on metal oxides (Ni, Co,27
Mn,  etc.) have a higher energy density and speciﬁc capacitance than28
those of most commercial supercapacitors made of carbon materi-29
als [2,3]. Among metal oxides, Co oxides are normally reported to30
have high redox activity and good reversibility, but speciﬁc capaci-31
tance is relatively low [4].  Some Co-based oxides or Co hydroxides32
have been reported to exhibit high speciﬁc capacitance [5–7]. How-33
ever, carbon nanotube or nanoﬁber seems to be one important34
reason in improving their speciﬁc capacitance. In order to further35
raise speciﬁc capacitance of Co oxides, we prepared NiCo2O4 in36
our previous work [8],  but it displayed obvious polarization and37
undesirable charge-discharge platform. Thus, the development of38
alternative electrode materials is next logical step.39
∗ Corresponding author at: Lanzhou University of Technology, State Key Labo-
ratory of Gansu Advanced Non-ferrous Metal Materials, 287 Langongping Road,
Lanzhou, China. Tel.: +86 931 2976579; fax: +86 931 2976578.
E-mail address: konglb@lut.cn (L.-B. Kong).
In our work, a spinel MnCo2O4 was successfully prepared by 40
using a facile sol–gel method. Generally, Mn oxides have relatively 41
low speciﬁc capacitance and partial dissolution in alkaline elec- 42
trolyte also leads to decay in capacitance [9–11]. Besides, Mn  oxides 43
have a poor electronic [12] and ionic conductivity [13,14].  Recently, 44
researchers ﬁnd that binary metal oxides are quite intriguing 45
from the perspectives of both fundamental science and technology 46
because the composite can enable versatile and tailor-made prop- 47
erties with performances far beyond those of monometallic oxides 48
[15]. For example, according to relevant literature [16], binary 49
metal oxides may  possess a higher electronic conductivity and 50
higher electrochemical activity than those of monometallic oxides. 51
The addition of other transition metal oxides also has proven to be 52
an effective way  to improve the electrochemical properties. There- 53
fore, Mn-Co binary metal oxides have caught our attention since 54
they seem to possess multiple oxidation states/structures, enabling 55
rich redox reactions for faradic pseudo capacitance generation. 56
Wei’s group [17–19] demonstrated the nanocrystalline coatings, 57
defective rock-salt structure, and rock salt-spinel structural trans- 58
formation of Mn-Co oxides, but they paid no attention to their 59
electrochemical performances. Prasad and Miura [20] reported that 60
the addition of Co oxide can boost speciﬁc capacitance of Mn 61
oxide electrodes. Chang’s group [21] prepared Mn-Co oxides by 62
anodic deposition, founding that the addition of an appropriate 63
amount of Co can enhance the electrochemical reversibility and 64
0013-4686/$ – see front matter ©  2013 Published by Elsevier Ltd.
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stability. The Mn-Co oxides exhibited a highest speciﬁc capacitance65
of 186 F g−1 in neutral electrolyte and 75% of the initial speciﬁc66
capacitance remained after 500 cycles. Yang [22] reported that the67
3.0% Co-doped Mn0.970Co0.030Ox ﬁlm exhibited the highest speciﬁc68
capacitance of 99 F g−1 at a 5 mV  s−1 scan rate in neutral electrolyte.69
Chuang and Hu [23] reported that Co-doped Mn  oxide has the70
speciﬁc capacitance of 125 F g−1 (measured at 25 mV  s−1 in neu-71
tral electrolyte). Li’s group [10] prepared Mn-Co oxides (CMOs)72
by chemical method. The speciﬁc capacitance of CMOs reached73
360 F g−1 when CMOs were heated at 800 ◦C. But it displayed unfa-74
vorable stability within the only 20 charge-discharge cycles due75
to the partial dissolution in alkaline electrolyte. Babakhani’s group76
[24] prepared Mn-Co oxides by anodic deposition with the speciﬁc77
capacitance of 213 F g−1 in neutral electrolyte. After 500 cycles, the78
fading of speciﬁc capacitance was about 18%.79
Thus, from the existing literatures about Mn-Co oxides, some80
drawbacks can be summarized as follows: (1) Electrodeposition81
methods reported so far are not practical for commercial produc-82
tion because they are either slow in the growth of very thin layer on83
thick substrates or expensive for large scale industrial production.84
(2) Mn-Co oxides have relatively low speciﬁc capacitance in neu-85
tral electrolyte. They displayed much higher speciﬁc capacitance86
in alkaline electrolyte, but the partial dissolution was adverse fac-87
tor. In contrast, our sol–gel method is more suitable for large scale88
commercial production because of facility, low-cost, and high yield.89
Compared with the dissolution of reported Mn-Co oxides in alkaline90
electrolyte, the successful application of alkaline electrolyte has91
greatly increased the capacity of MnCo2O4. So far, sol–gel method92
has never been used to prepare MnCo2O4 and our preliminary93
exploitation, using a sol–gel technique, raises the expectation of94
a facile synthesis of high performance MnCo2O4. Moreover, there95
was no apparent polarization and charge-discharge platform.96
2. Experimental97
2.1. Preparation of the MnCo2O4 materials98
All of the chemicals were of analytical grade and used without99
further puriﬁcation. MnCl2 4H2O and CoCl2 6H2O were all pur-100
chased from Sinopharm Chemical Reagent Co. Ltd. Nickel foam101
was purchased from ChangSha Lyrun New Material Co. Ltd. The102
nickel foam was washed in acetone with ultrasonic for 30 min  at103
ﬁrst, then washed with double-distilled water for several times and104
dried in an oven at 60 ◦C.0.154 g MnCl2 4H2O and 0.37 g CoCl2 6H2O105
were dissolved in 1.975 g ethanol in a glass beaker. Then 1.495 g106
propylene oxide was added and the mixture was stirred at room107
temperature for another 12 h. The resulting solution was then108
stirred at 75 ◦C to promote gelation. The purple gel was  heated in109
air at 200, 250, 300 or 350 ◦C for 5 h. The resulting samples were110
washed with ethanol and distilled water for several times, and then111
dried at 80 ◦C for 12 h. In addition, for comparative purpose, Co3O4112
and Mn3O4 were prepared via the same method when MnCl2 4H2O113
and CoCl2 6H2O are employed as reactant respectively. The next114
procedures are the same as that for preparing MnCo2O4.115
2.2. Structure characterization116
Crystallite structures were determined by X-ray diffraction117
(XRD) using a Rigaku D/MAX 2400 diffractometer (Japan) with118
Cu K˛ radiation ( = 1.5418 A˚) operating at 40 kV and 60 mA.119
The microstructure was characterized by transmission electron120
microscopy (TEM, JEOL, JEM-2010, Japan) operating at 200 kV121
and 10 A. The morphology was characterized by ﬁeld emission122
scanning electron microscopy (SEM, JEOL, JSM-6701F, Japan) with123
an accelerated voltage of 5 kV. In addition, the pore properties,124
including the BET surface area and pore size distribution were 125
investigated volumetrically by nitrogen adsorption/desorption 126
experiments (ASAP 2020). 127
2.3. Preparation of the electrode 128
The working electrodes were prepared according to our pre- 129
vious work [8].  80 wt.% of electroactive material was  mixed with 130
7.5 wt.% of acetylene black and 7.5 wt.% of conducting graphite in 131
an agate mortar until a homogeneous black powder was obtained. 132
To this mixture, 5 wt.% of poly (tetraﬂuoroethylene) was  added 133
together with a few drops of ethanol. The resulting paste was 134
pressed at 10 MPa  into a nickel foam (ChangSha Lyrun New Material 135
Co. Ltd., 90 PPI, 2 mm)  then dried at 80 ◦C for 12 h. 136
2.4. Electrochemical test of the single electrode 137
The mass of electroactive material (MnCo2O4, Co3O4, or Mn3O4) 138
was 8 mg.  A typical three-electrode glass cell equipped with a work- 139
ing electrode, a platinum foil counter electrode, and a saturated 140
calomel reference electrode (SCE) was used for electrochemical 141
measurements of the as-prepared working electrodes. All elec- 142
trochemical measurements were carried out using a working 143
electrode area of 1 cm2 in 2 M KOH electrolyte using an elec- 144
trochemical working station (CHI660C, Shanghai, China) at 25 ◦C. 145
Cyclic voltammetry (CV), galvanostatic charge-discharge, electro- 146
chemical impedance spectroscopy (EIS), and cycling stability test 147
were carried out. 148
3. Results and discussion 149
3.1. Structure and surface morphology characterization 150
The crystal phase and structure information were obtained by 151
XRD measurements. Fig. 1a shows the XRD patterns of products 152
calcined at 200, 250, 300, and 350 ◦C for 5 h, respectively. The sam- 153
ple prepared at 200 or 250 ◦C is accompanied by some Co(OH)2 154
and Mn3O4. It can be seen that MnCo2O4 prepared at 300 or 350 ◦C 155
is well-crystallized, which can be discerned from the diffraction 156
peaks. The peaks at 2 of 18.55, 30.54, 36.00, 37.64, 43.76, 54.34, 157
57.91, and 63.62◦ can be indexed as (1 1 1), (2 2 0), (3 1 1), (2 2 2), 158
(4 0 0), (4 2 2), (5 1 1), and (4 4 0) crystal plane. The resultant diffrac- 159
tion peaks corroborate well with the standard pattern of spinel 160
MnCo2O4 (PDF, card no 23-1237, cubic crystal system) and no 161
peaks of other phases are detectable. In addition, the crystal lat- 162
tice parameter (a = b = c = 8.2720 A˚) calculated from the XRD results 163
of sample prepared at 300 ◦C is highly similar with the standard 164
data (a = b = c = 8.2690 A˚) of MnCo2O4. It also can be calculated that 165
the average grain size of MnCo2O4 by applying Scherrer’s equa- 166
tion (Dc = 0.89 /(  ˇ cos)). With further increase in the calcinations 167
temperature from 300 to 350 ◦C, MnCo2O4 experienced a grain- 168
size increase from 8.2 nm to 13.6 nm estimated from the (3 1 1). 169
In addition, Mn3O4 and Co3O4 were successfully prepared via the 170
same method. Fig. 1b shows the X-ray diffraction patterns of Mn3O4 171
and Co3O4 prepared at 300 ◦C. The resultant diffraction peaks cor- 172
roborate well with the standard pattern of Mn3O4 (PDF, card no 173
24-0734) and Co3O4 (PDF, card no 42-1467). 174
Detailed structural information was further obtained using SEM 175
and TEM. The surface morphology and microstructure of prod- 176
uct calcined at 300 ◦C are presented in Fig. 2a–c. A loosely packed 177
porous structure consisting of interconnected nanoparticles was 178
clearly displayed in Fig. 3a. Numerous macropores and mesopores 179
are evident, which are in favor of improving the power perfor- 180
mance. It is well documented that macropores can serve as ion 181
buffering reservoirs and mesopores are capable of overcoming the 182
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Fig. 1. (a) The X-ray diffraction patterns of products calcined at 200, 250, 300 and
350 ◦C, respectively; (b) The X-ray diffraction patterns of Mn3O4 and Co3O4 prepared
at 300 ◦C.
primary kinetic limits of electrochemical processes [25]. Further-183
more, Fig. 2b exhibits granular structure with some chink. This is184
in accordance with the results of SEM imaging shown in Fig. 2a.185
The high-resolution TEM investigation (Fig. 2c) demonstrates that186
the interplanar distances of 4.813, 2.875, and 2.517 A˚ are highly187
consistent with the standard interplanar distances of 4.780, 2.925,188
and 2.493 A˚ which correspond with (1 1 1), (2 2 0), and (3 1 1) crys-189
tal planes. Thus, the prepared spinel MnCo2O4 is considered to be a190
well-crystallized structure with standard MnCo2O4 on nanoscale.191
The speciﬁc surface areas and pore-size distribution are also192
important parameters closely related to the speciﬁc capacitance193
of electrode materials. Surface area and pore-size distribution194
analysis of MnCo2O4 were conducted using N2 adsorption and195
desorption experiments. As seen from Fig. 3, the proﬁle of the hys-196
teresis loop indicates an adsorption-desorption characteristic of197
porous materials. The as-prepared MnCo2O4 has acceptable sur-198
face area of 89.67 m2 g−1, which can keep the effective contact199
areas of active materials and electrolyte. It is well known that an200
increase in the electrode-electrolyte interfacial area can generate201
Fig. 2. (a) The SEM image of MnCo2O4; (b) The TEM image of MnCo2O4; (c) The
HRTEM image of MnCo2O4.
more active sites, which are beneﬁcial for OH− insertion and extrac- 202
tion, and thus increases the power performance at high current 203
densities. Besides, the parameters of pore size and pore volume are 204
also important factors for inﬂuencing power performance. The pore 205
size distribution of as-prepared MnCo2O4 shows a wide peak cen- 206
tered at about 7 nm,  which is falling in the optimal size for electron 207
conduction and electrolyte transportation [26–29]. These features 208
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Fig. 3. The N2 adsorption-desorption isotherm of MnCo2O4.
are of huge beneﬁts for the transport and diffusion of electrolyte209
ions during the charge-discharge process.210
3.2. Electrochemical measurements211
CV measurements and galvanostatic charge-discharge test have212
been performed to evaluate the electrochemical properties and213
quantify the speciﬁc capacitance of as-prepared MnCo2O4 elec-214
trode. MnCo2O4 is regarded as a mixed valence oxide that adopts a215
spinel structure. Fig. 4a presents the CV behavior of MnCo2O4 at var-216
ious scan rates. Three pairs of redox current peaks correspond to the217
reversible reactions, which indicates that the pseudo capacitance218
possibly comes from the Faradic redox reaction of Co2+/Co3+/Co4+219
and Mn2+/Mn3+/Mn4+ [23,30–32].  Moreover, the capacitance char-220
acteristic is very distinguished from that of EDLCs which are221
rectangular CV curve. With the increase of scan rates, the shape222
of the CV curves changed, anodic peak potential and cathodic peak223
potential shifted in the more anodic and more cathodic direction,224
and the capacitance, inevitably, decreased, which is in agreement225
with the result of galvanostatic charge-discharge test.226
The relationship between speciﬁc capacitance and current den-227
sity is investigated. Fig. 4b displays the charge-discharge curves228
of MnCo2O4 within the potential range from 0 to 0.4 V. The spe-229
ciﬁc capacitance of the curves can be calculated according to the230
following equation:231
Cm = C
m
= I × t
V  × m232
where, Cm (F g−1) is the speciﬁc capacitance, I (A) is discharge cur-233
rent, t  (s) is the discharging time, V  (V) represents the potential234
drop during discharge process, and m (g) is the mass of the active235
material within the electrode. The as-prepared spinel MnCo2O4236
exhibits excellent capacitive behavior at different current densities.237
The speciﬁc capacitance values calculated from discharge curves in238
Fig. 4b are 405, 384, 344, 309, 275, and 250 F g−1 at current densi-239
ties of 5, 10, 20, 30, 40, and 50 mA  cm−2, respectively. Apparently,240
the speciﬁc capacitance is much higher than those of previously241
reported Mn-Co oxides. But at high current densities, as seen, the242
voltage drop is produced and ﬁnally the fading of speciﬁc capaci-243
tance appears. The large voltage drop may  be explained by referring244
to OH− ions diffusion processes during the charging-discharging for245
the electrode [2].  As discharge current density increases, massive246
OH− ions are required to intercalate swiftly at the interface of elec-247
trode/electrolyte. However, relatively low concentration of OH−248
ions could not meet this demand. The slope variation of discharge249
Fig. 4. (a) The CV curves of MnCo2O4; (b) The galvanostatic charge-discharge test
curves of MnCo2O4.
curves has not been observed during the charge-discharge process 250
compared with other metal oxides [33], exhibiting excellent capac- 251
itive behavior and promise for application in supercapacitors. The 252
speciﬁc capacitance values of products calcined at 200, 250, 300, 253
and 350 ◦C have been compared in Fig. 5. First of all speciﬁc capac- 254
itance gradually decreased at higher current density due to the 255
Fig. 5. The speciﬁc capacitance of products calcined at 200, 250, 300 and 350 ◦C,
respectively.
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Fig. 6. The speciﬁc capacitance of MnCo2O4, Mn3O4 and Co3O4.
incremental voltage drop and insufﬁcient active material involved256
in redox reaction at a higher current density. In addition, the spe-257
ciﬁc capacitance increases as the thermal treatment temperature258
increases. The removal of water molecules, together with purity259
of products, was the key factor. However, the decrease of speciﬁc260
capacitance at 350 ◦C is possibly due to the growth of crystal grain.261
The speciﬁc capacitance values of MnCo2O4, Mn3O4 and Co3O4 are262
also compared in Fig. 6. It depicts that the speciﬁc capacitance of263
MnCo2O4 electrode is obviously much higher than those of the sin-264
gle component electrodes, i.e., the Mn3O4 and Co3O4 electrode. In265
practice, the ability to discharge at high rates is also crucial in capac-266
itors. The discharge capacitance of MnCo2O4, Mn3O4 and Co3O4 at267
40 mA  cm−2 keeps 67.9%, 48.0% and 58.4% of those discharged at268
5 mA  cm−2, respectively. Obviously, MnCo2O4 electrode exhibits269
good rate capability which makes it attractive particularly for a270
practical application.271
In order to get more information about the ability of as-prepared272
MnCo2O4, EIS experiments were carried out in 2 M KOH aque-273
ous solution at 0.3 V (vs. SCE). The frequency explored was  from274
10−2 to 105 Hz. Fig. 7 shows the EIS in the form of plots of275
MnCo2O4, Mn3O4 and Co3O4 where Z’ and Z” are the real and276
imaginary parts of the impedance. All the impedance plots were277
similar, being composed of one semicircle component at high fre-278
quency followed by a linear component at the low frequency. From279
Fig. 7. The EIS curves of MnCo2O4, Mn3O4 and Co3O4.
Fig. 8. The electrochemical stability test curves of MnCo2O4, Mn3O4 and Co3O4.
the data shown in Fig. 7, the electrode resistances of MnCo2O4, 280
Mn3O4 and Co3O4 electrode, obtained from the intercept of the 281
plots on real axis, are about 1, 1.5, and 1.2  cm−2. The semicir- 282
cle corresponds to the pseudo charge transfer resistance (Rct) [34]. 283
The values of charge transfer resistance of MnCo2O4, Co3O4, and 284
Mn3O4 are about 0.15, 0.2, and 0.4 .  Besides, at lower frequency, 285
the straight line represents the diffusive resistance (Warburg 286
impedance) of the electrolyte ions in host material. Compared with 287
Mn3O4 and Co3O4, MnCo2O4 shows the lowest Warburg impedance 288
[35]. 289
Long cycle life at high current density is a prerequisite require- 290
ment for electrode materials. Hence, the cycling stability of 291
MnCo2O4, Mn2O3 and Co3O4 was  performed by charge-discharge 292
test at a current density of 10 mA  cm−2. As shown in Fig. 8, 293
after 1,000 cycles of charge-discharge, the speciﬁc capacitance 294
of Mn3O4 and Co3O4 degraded by 51.5% and 8.7%, respectively. 295
The great attenuation of Mn3O4 can be correlated with the dis- 296
solving in KOH electrolyte. By contrast, the spinel MnCo2O4 297
electrode, however, the speciﬁc capacitance suffered only a loss 298
of 4.9% without any dissolution, suggesting its good stability in 299
alkaline electrolyte. On the one hand, a tiny fraction of elec- 300
troactive material fell off the nickel foam since the working 301
electrode was immersed in electrolyte for a long time. On  the 302
other hand, the capacitance loss was possibly due to the irre- 303
versible Faraday reactions or the microstructure in the process 304
of OH− insertion (extraction) during oxidation (reduction) [36]. 305
Clearly, such high cycling stability of MnCo2O4 is much better 306
than those of Mn3O4, Co3O4 and reported Mn-Co oxides. Overall, 307
spinel MnCo2O4 displayed superior cycling stability in long-term 308
cycles. 309
On the basis of above experimental evidence, the serial results 310
effectively prove that spinel MnCo2O4 has desirable speciﬁc capac- 311
itance, high power performance, and excellent cycle performance. 312
The well-connected porous structure is crucial to improve the elec- 313
trochemical properties. On the one hand, the macropores can serve 314
as ion-buffering reservoirs to minimizing the diffusion distance to 315
the interior surfaces, which may  accelerate the kinetic process of 316
the ion diffusion in the electrode. On the other hand, the mesopores 317
possess the ability to hold the electrolyte and facilitate the trans- 318
port and diffusion of electrolyte ions during the charge-discharge 319
process. Furthermore, the outstanding stability in alkaline elec- 320
trolyte is a key factor to the high capacitance and high cycling life. 321
It highlights once again that the microstructure of electrode mate- 322
rials is important for electrochemical performance in long-term 323
cycles. 324
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4. Conclusion325
In summary, the spinel MnCo2O4 electrode material was326
fabricated with a low-cost sol–gel method and the capacitive327
behavior was successfully investigated in alkaline electrolyte. The328
spinel MnCo2O4 displayed high speciﬁc capacitance (405 F g−1 at329
5 mA  cm−2), remarkable rate capability (67.9% capacity retention330
at 40 mA  cm−2), and excellent cycle stability (only 4.9% loss after331
1,000 cycles). It should not be ignored that the porous structure and332
fairly stable spinel structure played very important roles in improv-333
ing speciﬁc capacitance, power performance, and cycle stability.334
Meanwhile, the present work displays the design of next gener-335
ation of low-cost and ultra-high-performance binary metal oxide336
electrode materials prepared by facile method. Therefore, the as-337
prepared spinel MnCo2O4 is considered as a promising electrode338
material for supercapacitor applications.339
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